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Pollination is a key ecosystem service for agricultural systems and Western honey
bees, Apis mellifera, are the most important managed pollinators. Major losses of
managed honey bee colonies reinforced the need to take advantage of locally adapted
subspecies and ecotypes to buffer populations against various stressors. However,
introductions of non-native honey bees from distant lineages are likely to undermine
respective conservation efforts unless reliable and cost effective tools can be used to
identify hybridization. The purpose of this study is to characterize current population
structure and genetic diversity, and to assess the degree of admixture between
native and introduced honey bees. Moreover, we aim to select a reduced number of
genetic markers to improve conservation management strategies. We take advantage
of recent developments in next-generation sequencing and network-based clustering to
investigate conservation efforts for the native European Dark honey bee, A. m. mellifera,
which is threatened by introgression in most of its range. We collected whole-genome
sequence information from haploid drones of A. m. mellifera, A. m. carnica, and
Buckfast sampled throughout Switzerland (N = 81), as well as from four Swiss
A. m. mellifera conservation areas (N = 39) and from one conservatory in the French
Alps (N = 31). Population structure analyses based upon 3.375 M genome-wide
SNPs discerned samples by subspecies and geographic origin (Switzerland or France).
Ancestry inference indicated admixed individuals in all of the protected areas, calling
for improved management efforts. After testing different subsets of ancestry informative
SNPs using three different selection strategies (FST , PCA-based or at random), as few
as 50 SNPs are found to be sufficient to differentiate native from introduced honey
bees. Therefore, our data suggests that a low-density SNP panel can be a precise and
cost-effective tool to support conservation management efforts for managed pollinators.
Keywords: Apis mellifera mellifera, honey bee, conservation genomics, whole-genome sequencing, network
clustering, admixture, ancestry informative SNPs
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INTRODUCTION
Pollination is a key ecosystem service for agricultural systems
(Klein et al., 2007) with the current annual market value of
pollinator-dependent crops estimated to USD $235–$577 billion
(IPBES, 2016). Global pollinator declines can have severe impacts
on crop production and food security and calls for conservation
of wild and managed pollinators (Potts et al., 2010; IPBES,
2016). The Western honey bee, Apis mellifera, is the most
economically valuable pollinator (Klein et al., 2007; Gallai et al.,
2009). Major losses of managed honey bee colonies across the
Northern Hemisphere reinforced the need to take advantage of
locally adapted subspecies and ecotypes to buffer populations
against various stressors (Neumann and Carreck, 2010). The
protection of honey bee biodiversity is therefore an imperative
(De La Rúa et al., 2009), since current genetic diversity harbors
the evolutionary potential of a species to adapt by natural
selection in the future (Frankham et al., 2002; Allendorf et al.,
2013). Once genetic variants are lost, they cannot be recovered
and thus local adaptations to specific environments deserve
conservation. In the case of the Western honey bee more than
27 subspecies have been reported, characterized by differences in
morphology, physiology and behavior (Ruttner, 1988; Hepburn
and Radloff, 1998; Sheppard and Meixner, 2003; Meixner et al.,
2013; Chen et al., 2016, amongst others). These subspecies can be
differentiated into four main evolutionary lineages: M (Western
and Northern Europe), C (Eastern Europe), O (Near East and
Central Asia), and A (Africa) (Ruttner, 1988; Garnery et al.,
1992; Franck et al., 2000b; Whitfield et al., 2006; Han et al.,
2012), whose geographic distribution encompasses a diversity of
environmental conditions. The introduction of exotic subspecies
from distant evolutionary lineages, typically by commercial
beekeepers, poses a risk on the genetic integrity of locally adapted
ecotypes (De La Rúa et al., 2009; Meixner et al., 2010; Pinto
et al., 2014). It is thus essential to conserve the underlying genetic
diversity, which may contribute to the long-term sustainability of
populations (Vanengelsdorp and Meixner, 2010).
In Northern and Central Europe, the native dark honey bee,
A. m. mellifera, has been widely replaced for beekeeping by
subspecies mainly from the C-lineage such as A. m. carnica
and A. m. ligustica (Ruttner, 1988; Moritz, 1991; Kauhausen-
Keller and Keller, 1994; Jensen et al., 2005a), which have been
more intensively managed for production and display more
likely traits desired by beekeepers, such as high honey yield and
docility (Bouga et al., 2011). The large mating distances of drones
and queens (Ruttner and Ruttner, 1972; Böttcher, 1975; Jensen
et al., 2005b), as well as the highly polyandrous mating system
(Woyke, 1964; Adams et al., 1977; Neumann et al., 1999b) impose
practical difficulties to conserve honey bee subspecies or to
maintain breeding lines (Neumann et al., 1999a). This is further
confounded by the ease at which different subspecies hybridize
with one another (Franck et al., 2000a; Soland-Reckeweg et al.,
2009).
In the last decade, there has been an increased awareness
of the importance of preserving local honey bee subspecies
(Muñoz and De La Rúa, 2012; Muñoz et al., 2014a,b; Uzunov
et al., 2014b; Bertrand et al., 2015). A recent pan-European
experiment testing different subspecies and local hybrids across
a variety of environments revealed that locally adapted bees
were not only the most long-lived (Büchler et al., 2014), but
in many cases also received better scores for docility and
productivity (Uzunov et al., 2014a). Conservation efforts have
been employed in many countries across Europe (De La Rúa
et al., 2009) and typically focus on selective breeding or restricting
the bees kept by apiculturists to those native to a specified
area. Islands or remote mountain valleys in particular offer
excellent opportunities to limit the impact of non-native honey
bees. Conservation measures usually include that introduced
honey bees and hybrids are replaced by native bees after being
identified by discrimination of wing morphology (Ruttner, 1988;
Kauhausen-Keller and Keller, 1994) or genetic analyses using
microsatellite markers (Neumann et al., 1999a; Scharpenberg
et al., 2006; Soland-Reckeweg et al., 2009; Oleksa et al., 2011;
Péntek-Zakar et al., 2015).
In Switzerland, the native honey bee subspecies are A. m.
mellifera, and to a lesser extent in Ticino, South of the Alps, A.
m. ligustica (Ruttner, 1988). Since the middle of the last century,
foreign honey bee queens have been increasingly imported such
that nowadays two other subspecies or breeds are commonly
found, namely A. m. carnica and the Buckfast bee (a highly
selected hybrid breed). The persistence of A. m. ligustica in the
region of Ticino is not clear. Many foreign queens have been
introduced to this region and there are no ongoing efforts to
maintain this local subspecies. In contrast, considerable effort has
been invested to protect A. m. mellifera in Switzerland. To date,
four conservation areas for A. m. mellifera have been established;
conservatory Glarus (CGL) (∼1000 colonies, 680 km2), Val
Mustair (CVM) (∼300 colonies, 199 km2), Diemtigtal (CDI)
(∼300 colonies, 135 km2) and Melchtal (CME) (∼50 colonies,
150 km2). These areas are typically part of a nature reserve,
and bee keeping of A. m. mellifera is either legally enforced or
mutually agreed upon by the beekeeping community in that area.
A national project to maintain and support these conservatories
has recently been approved by the Swiss ministry of agriculture.
However, for the effectiveness and long-term success of these
conservation areas an accurate assessment of the admixture levels
and genetic diversity of the current breeding populations is
required.
In the French Alps, the center for technical bee keeping studies
(CETA)was established in Savoie in 1997 tomanage and select for
the locally-adaptedA.m.mellifera. At CETA de Savoie selection is
based on biometric and morphometric analyses in collaboration
with the French National Center for Scientific Research (CNRS)
and Natural History Museum in Paris. The center shares the
same objectives as the dark bee conservatories in Switzerland,
and the region has comparable topography and climate. Analysis
of bees from the different programs provides some information
on the effectiveness of conservation management in the different
regions.
The release and subsequent upgrade of the honey bee genome
(Weinstock et al., 2006; Elsik et al., 2014) and rapid innovations
in high-throughput technologies drastically reduced the costs of
next-generation sequencing (NGS). Hence, it has now become
both technically and economically feasible to assess genome-wide
Frontiers in Ecology and Evolution | www.frontiersin.org 2 December 2016 | Volume 4 | Article 140
Parejo et al. Honey Bee Conservation Genomics
genetic diversity and admixture levels of honey bees (e.g.,
Harpur et al., 2014; Pinto et al., 2014; Wallberg et al., 2014).
However, despite the reduced costs of NGS it is still not cost-
effective to routinely sequence hundreds or thousands of bees
to monitor conservation management. Instead, a few but highly
informative single nucleotide polymorphisms (SNPs), so-called
ancestry informative markers (AIMs) can be selected in order to
infer population structure (Shriver et al., 2003; Enoch et al., 2006;
Kosoy et al., 2009). The identification of AIMs allows to estimate
individual origin and admixture levels inexpensively and with
great accuracy. For instance, Muñoz et al. (2015) have selected
different AIM panels out of 1183 genotyped SNPs to examine
levels of admixture between nativeA. m. mellifera and introduced
honey bees in Europe. With such ultra-low density SNP-
chips, thousands of individuals can be cost-effectively genotyped
for conservation management or for sustainable bee breeding
purposes. Moreover, SNP chips are potentially more accurate
than the currently employed microsatellites or morphometric
analyses for discriminating honey bees of different origin. Indeed,
empirical comparisons for other species have shown SNPs to be
more precise than microsatellites for population assignment and
admixture estimation (Liu et al., 2005; Hauser et al., 2011; Gärke
et al., 2012).
The purpose of this study was (1) to characterize the current
population structure and genetic diversity of the honey bees
sampled in Switzerland and the French Alps, (2) to assess
the degree of admixture form introduced honey bees in the
conservation areas of A. m. mellifera and (3) to select a
reduced number of informative SNPs to improve conservation
management strategies. To this end, we sequenced 151 whole-
genomes of haploid drones sampled throughout Switzerland and
the French Alps which included A. m. mellifera samples from five
conservation areas. Using model- and network-based clustering
approaches, we detected fine-scale population structure with high
genetic diversity in all sampled subpopulations. Furthermore,
we observed admixed A. m. mellifera individuals in all five
conservation areas. To cost-effectively identify such hybrids
withinA. m. mellifera, we selected ancestry informative SNPs and
show that as few as 50 SNPs are accurate to quantify levels of
genetic admixture and relatedness between honey bees.
MATERIALS AND METHODS
Sampling, DNA Extraction and Sequencing
In summer 2014, sealed drone brood was sampled from 120
honey bee colonies at 87 apiaries throughout Switzerland
(Figure 1). The beekeepers involved specified these samples to
consist of 72 A. m. mellifera, 34 A. m. carnica, and 14 Buckfast.
A. m. mellifera samples from Switzerland included 39 from four
conservation areas: CDI (N = 6), CGL (N = 17), CME (N = 6),
CVM (N = 10) (Figure 1). Drones were sampled because they are
haploid allowing to confidently identify SNPs with less coverage
than in diploid individuals (Wragg et al., 2016). Furthermore, the
collection of drone brood allows excluding sampling errors due
to drifting from neighboring colonies (Neumann et al., 2000).
In order to ensure high quality DNA for whole-genome
sequencing, a two-step procedure was applied for DNA
extraction. First, high molecular weight DNA was extracted with
phenol-chloroform-isoamyl alcohol (25:24:1) (Ausubel, 1988)
from one entire honey bee drone per colony at the larval or pupal
stage. DNA was then purified using the QIAGEN’s EZ1 R© DNA
Tissue Kit (QIAGEN Redwood City, www.qiagen.com). Pair-end
(2× 125 bp) libraries were prepared following themanufacturer’s
protocol (TruSeq Nano Kit v4) and whole-genome sequencing at
an aimed sequencing depth of 10X coverage was performed on
an Illumina HiSeq2500 with 24 samples per lane.
Complementary A. m. mellifera were sampled from a
conservation area in the Savoie region in the French Alps (CSA:
N = 31). These samples have been sequenced as part of a
larger project, SeqApiPop, to characterize French honey bee
populations. DNA extraction, library preparation and sequencing
of these samples were performed as described in Wragg et al.
(2016).
Mapping, Variant Calling, and Quality
Control
Sequencing reads were mapped to the reference genome
(Amel4.5) using bwa mem 0.7.10 (Li and Durbin,
2009) and duplicates marked using PICARD 1.80
(http://picard.sourceforge.net). Reads around indels were
realigned with RealignerTargetCreator and IndelRealigner from
the Genome Analysis Toolkit 3.3.0 (GATK) (McKenna et al.,
2010; Van der Auwera et al., 2013). The base quality scores were
recalibrated with GATK’s BaseRecalibrator, using SNPs called
with GATK’s UnifiedGenotyper as covariates creating binary
alignment/map (BAM) files for each sample (N = 151).
SNP calling was performed using a two-step process as
described in Wragg et al. (2016). In brief, SNP variants were first
identified in the Swiss bee sequence data (N = 120) applying
three different variant calling tools: GATK’s UnifiedGenotyper
(Van der Auwera et al., 2013), SAMtools’ mpileup 1.1 (Li et al.,
2009) and PLATYPUS 0.8.1 (Rimmer et al., 2014). After variant
calling SNPs were filtered according to base quality (BQ) score≥
20 and mapping quality (MQ)≥ 30. Calls fromUnifiedGenotyper
were additionally filtered for maximum number of alternate
alleles = 2, genotype quality (GQ) ≥ 30, quality by depth (QD)
≥ 2, and Fisher strand (FS)≤ 60. After quality control, identified
variants were combined using BAYSIC (Cantarel et al., 2014)
which performs Bayesian latent class analysis to estimate false
positive and false negative error rates. The resulting single-
sample variant calling files (VCFs) were then merged together
using bcftools (Li, 2011) and filtered on depth of coverage (DP)
to generate a set of master sites mapped to chromosomes 1 to 16
with 9 ≤ DP ≤ 3x mean DP. All individuals were re-genotyped
with UnifiedGenotyper (BQ ≥ 20) at these master sites resulting
in a multi-sample VCF comprising all samples.
Finally, variants were filtered using PLINK 1.9 (Chang et al.,
2015) to exclude SNPs with minor allele frequency (MAF)
< 0.01 and genotyping call rate < 0.9, resulting in 3.375 M
SNPs for subsequent analysis. Missing genotypes were imputed
with ShapeIT v2 (O’connell et al., 2014). DP was calculated
with GATK’s DepthOfCoverage tool, mapping and alignment
metrics with PICARD’s CollectAlignmentSummaryMetrics and
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FIGURE 1 | Sampling sites. Putative subspecies assignment according to the labeling of beekeepers from which the samples were collected:≪A. m. mellifera≫
(N = 72) from Switzerland, including N = 39 from the Swiss conservatories,≪A. m. mellifera≫ (N = 31) from the French conservatory in Savoy,≪A. m. carnica≫
(N = 34) and≪Buckfast≫ bees (N = 14). The green areas are the five currently established conservatories in that area to protect the native A. m. mellifera: CDI, CME,
CGL, CVM, and CSA.
SAMtools’ flagstat, and variant calling statistics with VCFtools
vcf-stats (Danecek et al., 2011).
Population Structure Analyses
Principal Component Analysis (PCA)
We performed principal component analysis (PCA) to assess the
population structure of the sampled honey bees. PCA is a classical
non-parametric linear reduction technique used to reveal
population structure by arranging all principal components
(PCs) according to the explained variance without resorting
to a model (Menozzi et al., 1978; Price et al., 2006; Gao and
Starmer, 2008). Here, we applied PCA on a genetic relationship
matrix (n × n) with pairwise identities by state (IBS) between
all individuals (N = 151) as provided by PLINK 1.9 (Chang
et al., 2015). To infer the number of significant PCs and to
determine significant differences between subpopulations, we
used Horn’s parallel analysis (PA; Horn, 1965; Dinno, 2009)
as implemented in the R package paran (Dinno, 2012). After
initial assessment of the population structure with PCA, we
further explored the hierarchical structure using a network-
based clustering approach and investigated individual admixture
proportions using a model-based approach.
Hierarchical Population Structure
To determine the uppermost hierarchical population structure,
we applied an unsupervised network-based clustering algorithm
called super paramagnetic clustering (SPC, Blatt et al., 1996;
Tetko et al., 2005). The input to SPC is a dissimilarity matrix D
(n × n) with pairwise genetic distances between all individuals
calculated using allele sharing distance (ASD; one minus IBS).
Given D, each individual gets associated with a Pott spin variable
(q). Once q have been assigned, the clustering is performed along
a range of temperature (1T) limiting the interactions to a given
number of k nearest neighbors (k-NN).We applied the algorithm
using the following settings: k-NN = 15, q = 20 and (1T) =
0.01. For the visualization of hierarchical population structure
and cluster solution, we used the R software package phytools
(Revell, 2012).
Admixture
To estimate the admixture proportion of each individual,
we performed model-based cluster analyses as implemented
in the program ADMIXTURE (Alexander et al., 2009). The
program was run unsupervised with 10,000 iterations and a pre-
specified number of clusters K (K = 1–6). Convergence between
independent runs at the same Kwas monitored by comparing the
resulting log-likelihood scores (LLS) following 10,000 iterations,
and was inferred from stabilized LLS with less than 1 LL unit of
variation between runs. Cross validation (CV) error estimation
for each cluster was performed with ADMIXTURE (Alexander
et al., 2009) and used to determine the optimal number of K
clusters.
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To investigate the differences in introgression from
introduced honey bees into the native A. m. mellifera gene
pool, we compared admixture proportions from individuals
originating from different sampling locations. For that reason,
we calculated median and interquartile range (IQR) of the
admixture proportions calculated at K = 2 from the samples
in each of the conservation areas (CDI, CGL, CME, CVM, and
CSA), as well as for the A. m. mellifera samples originating
from unprotected regions in Switzerland (MEL). To evaluate the
differences among these groups, a Kruskal-Wallis (Kruskal and
Wallis, 1952) and post-hoc pairwise comparisons using Dunn’s
test (Dunn, 1964) with Holm correction (Holm, 1979) were
conducted.
High-Resolution Population Networks
Model-based admixture analyses and network-based clustering
were combined into high-resolution population networks
in order to illustrate individual relationships and fine-
scale population structure. We investigated high-resolution
population networks using the open graph visualization
platform Cytoscape (Shannon et al., 2003) and the plugin
MultiColoredNodes (Warsow et al., 2010). In the final network
visualization, the uppermost hierarchical population structure
as inferred from SPC is presented in terms of node size, number
of edges between nodes and width of edges. Here, we have
associated the node size of each honey bee with the number of
k-nearest neighbors (k-NN; number of edges), while the color of
each honey bee represents the pre-determined level of admixture
at K = 2 and K = 4, respectively. In order to express the strength
of relationship between two individuals, the line width of an
edge is proportional to the genetic relatedness between them
(IBS). This approach is described in Neuditschko et al. (2012)
and a recent implementation of this workflow is now available
as R package (Steinig et al., 2015) posted at https://github.com/
esteinig/netview.
In network theory, so-called communities, which are more
densely and strongly connected within a group than outside a
group, can be detected. Based on the high-resolution population
network at K = 4 (see Result section), we selected a subset
(communities) of core bees (gray dashed circles in Figure 4B) for
each subpopulation which were clustering together and showed
no or low levels of admixture (<0.1; except for Buckfast which
was a more heterogeneous group). This subset consisted of a total
of 95 core bees representing the four sampled subpopulations;
13 Buckfast bees, 26 A. m. carnica, 39 A. m. mellifera from
Switzerland and 17 A. m. mellifera from France. These were used
in subsequent population genetic analyses. The 56 remaining
bees, which clustered outside the four identified communities,
were designated to the subsample of test bees (N = 56)
(Supplementary Table 1).
Population Differentiation and Genetic Diversity
To investigate average genome-wide divergence between the
above defined subpopulations, we estimated mean pairwise
population differentiation FST (Weir and Cockerham, 1984) in
window sizes of 5 kb and 1 kb overlap using VCFtools (Danecek
et al., 2011). We further estimated FST between native honey
bees (A. m. mellifera from Switzerland and France) from the
evolutionaryM-lineage and introduced honey bees (A.m. carnica
and Buckfast) with mainly C-lineage ancestry. In addition, we
estimated nucleotide diversitypi in each subpopulation as defined
by the average pairwise sequence difference per nucleotide site
(Nei, 1982). We used VCFtools (Danecek et al., 2011) to calculate
pi in window sizes of 5 kb with 1 kb increment and estimated
confidence intervals of the mean. It was not possible to calculate
pi for core bees originating from each of the Swiss conservation
areas separately due to the limited sample size (<5) in CME, CDI,
and CVM, thus pi could only be calculated for CGL (N = 15).
Informative SNP Panels
SNP Thinning and Selection of Informative SNP
Panels
The systemic homozygosity in haploid sequence data results
in strong linkage disequilibrium (LD) between SNPs (see
Supplementary Figure 1), and consequently a large number of
uninformative or “redundant” SNPs (Weale et al., 2003; Nicolas
et al., 2006; Paschou et al., 2008). To reduce SNP density
and redundancy without adversely affecting LD-associated fine-
structure, the dataset was randomly down-sampled to 10,000
SNPs using PLINK 1.9 (Chang et al., 2015). To ensure that there
was no loss of information after the stringent thinning step, we
computed and compared ASD-based distance matrices and PCA
results between the entire (3.375 M SNPs) and thinned (10K
SNPs) datasets. First, to verify whether the genetic relationships
between individuals are reflected in the thinned dataset, we tested
the concordance between the ASD distance matrix with all bees
(N = 151) inferred from the whole-genome (3.375 M SNPs) and
the pairwise distances inferred from the thinned (10K SNPs)
dataset usingMantel R (Mantel, 1967). Mantel R is a permutation
test to estimate the correlation between two matrices and was
calculated using the package vegan in R (Oksanen et al., 2016).
Second, to visualize whether the thinned dataset is able to capture
the population structure revealed by all SNPs, we computed PCA
for each dataset and plotted the core bees (N = 95) on the first
and second PCs.
To distinguish introduced from native honey bees for
conservation or breeding purposes, ancestry informative SNPs
for subspecies discrimination were identified. Out of the thinned
dataset, we generated panels with different number of SNPs
(1000, 500, 100, and 50 SNPs) employing three different selection
methods:
(1) FST (Weir and Cockerham, 1984) between native and
introduced honey bees. FST per site was calculated between
core bees of A. m. mellifera from Switzerland and France (N
= 56) and core bees of A. m. carnica and Buckfast bees (N =
39) using VCFtools (Danecek et al., 2011). Four SNP panels
with the highest FST per SNP were defined as: FST-1000,
FST-500, FST-100 and FST-50. In addition, we selected a fifth
panel correcting for any remaining redundancy in the SNP
informativeness by computing a sorted QR-decomposition
to effectively remove correlated markers (Paschou et al.,
2008). The input for QR-decomposition is a genotype matrix
with dimensions n × m (samples × SNPs), where each
SNP is encoded with either −1 for homozygous reference
or 1 for homozygous alternate allele. Applying this approach
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with a custom script in GNU octave (Eaton et al., 2014),
we extracted the most uncorrelated SNPs out of the FST-100
panel resulting in the fifth SNP panel: UncorrFST-50.
(2) PCA-derived, whereby a subset PCA-correlated SNPs were
selected to reproduce the structure found by PCA without
use of prior ancestry information (Paschou et al., 2007).
This approach measures the correlation between a SNP and
the significant principal components giving each SNP a
PCA-score (Paschou et al., 2007). The input is a genotype
matrix (samples× SNPs) encoded as above (1,−1) and PCA-
scores were calculated using a custom script in R. Finally,
we defined four informative SNP panels with the highest
PCA-scores: PCA-1000, PCA-500, PCA-100, and PCA-50.
Additionally, we generated a fifth panel applying the same
approach as for the UncorrFST-50 (see above). We thus
selected the 50 most uncorrelated out of the PCA-100 SNPs
resulting in the panel: UncorrPCA-50.
(3) Randomly chosen SNPs, selected using the sample-function
in R to generate panels with 1000, 500, 100, and 50
SNPs, respectively. Since the variation when using randomly
selected SNPs is expected to be high, we run the sample-
function five times each to produce a total of 20 SNP panels:
5x Random-1000, 5x Random-500, 5x Random-100, and 5x
Random-50.
After generating the SNP panels, we tested their accuracy
in estimating admixture proportions and genetic relationships
between individuals by reference the earlier results from the
complete SNP dataset. The random panel replicates were tested
independently and the averaged statistic and variation are
reported.
Performance of Informative SNP Panels
To compare the performance of the SNP panels on the accuracy
to estimate admixture proportions, we ran ADMIXTURE
(Alexander et al., 2009) at K = 2 using all bees (N = 151)
and each of the selected SNP panels. The admixture proportions
of the test bees (N = 56), which were not used for selection
of the ancestry informative SNPs, were retrieved to test the
accuracy of the SNP panels to predict admixture proportions. We
therefore estimated the correlation coefficient r (Pearson, 1895)
between the admixture proportions calculated based on all 3.375
M SNPs and the admixture proportions estimated with each of
the selected SNP panels. Moreover, mean standard error (SE)
of the inferred admixture proportions of all bees was calculated
for each of the SNP panel, in order to examine whether lower
numbers of SNPs increase SE.
To investigate the precision of the selected panels to predict
the genetic relatedness between individuals, we computed
pairwise distances (ASD) between all samples (N = 151) with
each of the selected SNP panels. To estimate the concordance
between the resulting distance matrices and the ASD matrix
inferred from the entire data set (3.375 M SNPs), we performed
pairwise Mantel tests (Mantel, 1967).
Finally, in order to visualize the population differentiation, we
also computed PCA with the best performing panel and plotted
the first two PCs. All statistics, if not otherwise stated, were
calculated and plotted in R (R Core Team, 2016).
RESULTS
Mapping and Variant Calling
On average 19,549,894 paired-end reads were generated per bee
of which 96.3%mapped in pairs to the reference genome Amel4.5
(Elsik et al., 2014). Approximately 2.2% of the mapped reads
were marked as duplicates that aligned with the identical start
and end positions onto the reference genome. Sequencing depth
per sample ranged from 3.3 to 20.7X with mean 9.9X resulting
in 97.2% of the genome being covered on average. Individual
mapping and alignment statistics are presented in Supplementary
Table 2.
Individual variant calling statistics for each drone genome in
the Swiss dataset, comparing the three different applied variant
calling tools, can be found in Supplementary Table 3. Once
filtered on depth of coverage, the master variant file identified
by combining single sample VCF files resulted in 4.986 M raw
SNPs, which were used to genotype both the Swiss and French
datasets. Post quality control filtering, 3,374,686 high-quality
genome-wide SNPs were retained for analysis.
Population Structure Analyses
Principal Component Analysis (PCA)
The result of PCA shows that the first PC clearly separates
the samples into two major clusters according to the two
evolutionary lineages M and C, while further substructures
within these lineages are revealed on the second PC
(Supplementary Figure 2). The general diversity pattern is
thus characterized by four populations: A. m. carnica and the
diverse Buckfast group within the C-lineage cluster and two
subpopulations of A. m. mellifera within the M-lineage cluster
originating from Switzerland and France, respectively. Horn’s
PA resulted in the retention of one significant PC accounting
for 95.1% of the variance. This demonstrates a significant
separation of the samples according to the evolutionary lineages,
while the substructures disclosed on the second PC are not
significant.
Hierarchical Population Structure
The network-based cluster-tree recapitulates the findings of PCA
by dividing the three honey bee subspecies (A. m. mellifera, A.
m. carnica, and Buckfast) into two distinct population clusters,
while two honey bees were assigned into an additional single
cluster (Figure 2A). Moving up the cluster tree, A. m. carnica
and Buckfast were assigned into respective population clusters
and honey bees with mixed genetic origin were separated from
the main A. m. mellifera population. At the additional levels of
the tree, A. m. mellifera was further sub-structured, whereas the
identified sub-structures do not reflect the different geographic
origin of samples. On the top level of the tree, especially A. m.
mellifera sampled from the four Swiss conservation areas were
clustered together along with two samples from France. The final
topology of the network-based cluster tree shows that honey bees
are characterized by a high level of hierarchical structure.
Admixture
Following the CV error estimation (Supplementary Figure 3),
ADMIXTURE (Alexander et al., 2009) suggested an optimal
number of clusters K = 2. Given K = 2, individuals are
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FIGURE 2 | Hierarchical population structure and admixture. (A) Genetic relationships between the 151 drones illustrated by the network-based hierarchical
cluster tree. Samples are colored according to their putative subspecies assignment based on the labeling information of beekeepers:≪A. m. mellifera≫ (N = 72)
from Switzerland,≪A. m. mellifera≫ (N = 31) from Savoie (France),≪A. m. carnica≫ (N = 34) and≪Buckfast≫ bees (N = 14). Honey bees which clustered
together with members of other subpopulations indicate labeling errors of beekeepers or admixed individuals. (B) Membership proportion calculated with ADMIXTURE
for K = 2 to 4 hypothetical ancestral populations. The program uses a model-based algorithm to infer ancestry. Each individual is represented by a horizontal bar and
samples are sorted according to the hierarchical clustering tree. Each color represents one of K clusters and individuals are colored according to the proportion of the
genome that was derived from each cluster. Optimal number of clusters as inferred by the cross-validation error estimation is K = 2.
separated into two major clusters which correspond to the
two distant evolutionary lineages M and C (Figure 2B). The
samples, which are sorted according to the hierarchical clustering
tree, appear arranged in groups depending on their degree of
admixture (Figure 2B). Hence, the admixture levels at K =
2 identified by ADMIXTURE (Alexander et al., 2009), which
uses a model-based approach, reflect the hierarchical structure
found by the network-based clustering tree (Figure 2A). At
increasing values of K, further substructures become evident
which are in concordance with the sampled subpopulations
or their geographic origin. At K = 3, the M-lineage cluster
is separated into A. m. mellifera bees with Swiss and French
ancestry, respectively. Increasing K to 4, subdivides the C-lineage
cluster into honey bees with A. m. carnica ancestry and Buckfast
ancestry.
If samples are ordered according to sampling locations,
admixed individuals are found in all of the five sampled
conservation areas (Supplementary Figure 4). The lowest median
admixture levels were found in the CGL conservatory (Mdn =
0.000, IQR= 0.000–0.007), followed by CME (Mdn= 0.059, IQR
= 0.013–0.077), CVM (Mdn = 0.071, IQR = 0.032–0.314) and
the French conservatory CSA (Mdn= 0.072, IQR= 0.034–0.178)
(Figure 3). The highest median admixture levels were found
in CDI (Mdn = 0.073, IQR = 0.063–0.083). Excepting for a
few highly admixed samples, A. m. mellifera originating from
unprotected areas were generally little admixed (Mdn = 0.030,
IQR = 0.014–0.091). The mean ranks of admixture proportions
among these six sampling locations were significantly different
(Kruskal-Wallis: H = 22.95, df = 5. P = 0.0003). Follow-up tests
indicated a significant difference between CGL andCVM (Dunn’s
z = −3.59, p = 0.002), CGL and CSA (Dunn’s z = −4.41, p <
0.001), and CGL and the samples from unprotected areas (MEL)
(Dunn’s z =−3.02, p= 0.017) (Figure 3).
High-Resolution Population Networks
The high resolution population networks illustrate individual
relationships and fine-scale population structure (Figure 4). The
network at optimal K = 2 reveals a gradual arrangement
of individuals according to their degree of M- and C-
lineage ancestry, respectively (Figure 4A). Yet, substructuring
is clearly evident when nodes are colored according to
admixture proportions at K = 4 (Figure 4B). Here, the
Buckfast cluster separates from the A. m. carnica cluster
and, in addition, within the M-lineage cluster there is
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substructuring of theA.m. mellifera bees originating from France
(Figure 4B).
The densely packed A. m. mellifera cluster from Switzerland,
as well as the A. m. carnica cluster, reveal a high genetic
relatedness of individuals within these populations. This is also
reflected in the greater edge widths (=pairwise IBS) and node
FIGURE 3 | Admixture proportions of A. m. mellifera sampled outside
(MEL) and within each of the conservation areas (CDI, CGL, CME,
CVM, and CSA). The box denotes the upper and lower quartiles, and the
median is represented by a solid black line within the box. There is a significant
difference between the mean ranks of the admixture proportions among the
different sampling areas (Kruskal-Wallis: H = 22.95, df = 5. P = 0.0003). The
conservation area CGL has significantly lower admixture levels than the CVM
and CSA conservatories, as well as compared to A. m. mellifera sampled
outside conservation areas (MEL) (pairwise multiple comparisons using Dunn’s
test and Holm correction, significance levels marked as: p < 0.05*, p > 0.01**,
p > 0.001***). Numbers below boxplots designate sample size in each group.
sizes (=number of nearest neighbors) within these clusters.
Whereas, highly admixed individuals are clustered together based
on their degree of admixture and not because of higher genetic
relationship, as shown by the thinner edges between nodes. The
high resolution visualization allows further to identify outliers,
one in the Swiss A. m. mellifera cluster and two in the French A.
m. mellifera cluster, which are connected to one other individual
only. These honey bees are not closely related to the rest of the
cluster and represent rare genetic variation.
Population Differentiation and Genetic Diversity
Overall, average genome-wide population differentiation
between each of the core bee subpopulations (as defined in
Material and Methods; Supplementary Table 1) is characterized
by high divergence between and low divergence within the
evolutionary lineages M and C. The lowest level of population
differentiation was found between the Swiss and French A.
m. mellifera (FST = 0.023), while the highest difference was
observed between the Swiss A. m. mellifera and the A. m.
carnica (FST = 0.359) (Table 1). Introduced honey bees (A. m.
carnica and Buckfast, mainly from the C-lineage) are strongly
differentiated from the native A. m. mellifera populations
(M-lineage) (FST = 0.317).
Genetic diversity was highest in the Buckfast bee
population [pi = 0.00392, 95% CI (0.00391, 0.00393)],
followed by the A. m. mellifera populations from the
French conservatory [pi = 0.00354, 95% CI (0.00353,
0.00355)] and Switzerland [pi = 0.00331, 95% CI (0.00330,
0.00332)]. The lowest level of genetic diversity was
found in the A. m. carnica population [pi = 0.00309,
95% CI (0.00308, 0.00310)]. Nucleotide diversity of the
Swiss conservatory CGL [pi = 0.00319, 95% CI (0.00318,
FIGURE 4 | High-resolution population networks with admixture proportions at K = 2 (A) and K = 4 (B). Each individual is represented by a node and
colored according to its membership proportion inferred by ADMIXTURE. Node size reflects centrality of the individual and is proportional to the number of nearest
neighbors (k-NN). Line width of edges (=connecting lines) is proportional to the genetic relatedness between individuals (IBS). (A) At K = 2 the samples are separated
into C- and M-lineage ancestry with admixed individuals placed in-between depending on the degree of admixture. (B) At K = 4, the honey bees are clustered into
four substructures (A. m. mellifera from Switzerland, A. m. mellifera from France, Buckfast bees and A. m. carnica), while highly admixed individuals fall outside of the
population clusters (test bees). The samples within dashed circles are defined as the subpopulations of the core bees.
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TABLE 1 | Mean pairwise population differentiation (FST) based on
3.375 M SNPs.
Lineage
M C
Population A. m.
mellifera (S)
A. m.
mellifera (F)
A. m.
carnica
Lineage M A. m. mellifera (F) 0.023
C A. m. carnica 0.359 0.350
Buckfast 0.330 0.297 0.041
Average genome-wide FST values were calculated with VCFtools in window sizes of 5
kb and 1 kb overlap between each of the four honey bee subpopulations of core bees;
Buckfast (N = 13), A. m. carnica (N = 26), A. m. mellifera from Switzerland (N = 39) and
from France (N = 17).
0.00320)] was significantly lower compared to the French
conservation area CSA (Welch’s t = −53.6, df = 398900, p <
0.001).
Informative SNP Panels
SNP Thinning
The pairwise genetic distance matrices calculated using the total
(3.375 M SNPs) and the thinned (10K SNPs) datasets are highly
concordant [Mantel R= 0.999, 95% CI (0.998, 0.999), p< 0.001].
Moreover, when visualized the PCA scatter plot generated with
the thinned dataset (10K SNPs) reflects the same pattern found
using all SNPs, yet with a less clear distinction between Swiss and
French A. m. mellifera (Figures 5A,B). Hence, the population
structure and genetic relationships observed using all SNPs is
conserved well with the 10K SNPs dataset, with only minimal
loss of information despite the stringent thinning step applied
and could thus be used to select ancestry informative SNPs.
Performance of Informative SNP Panels
Irrespective of the selection method, there was a strong positive
correlation between the admixture proportions calculated using
all SNPs (3.375 M) and the admixture proportions calculated
with each of the reduced SNP panels (Pearson’s r > 0.90, p >
0.001 for all panels; Figure 6A). The correlation decreases with
decreasing number of SNPs and there is no difference between
the three tested selection methods (FST , PCA and Random)
(Figure 6A; left panel). However, there is a significant difference
when theUncorrFST-50 panel, which is additionally corrected for
any remaining redundancy in SNP informativeness, is compared
to the other SNP panels with only 50 SNPs. The UncorrFST-50
panel significantly better predicts admixture proportions than the
Uncorr50-PCA panel [Fisher’s z= 2.96, p= 0.003; 95% CI for the
difference between correlations (0.02–0.10)], and better than 50
randomly selected SNPs [Fisher’s z = 2.76, p = 0.006; 95% CI
for the difference between correlations (0.02–0.09)]. Moreover,
the standard errors of the mean admixture proportions increase
with decreasing number of SNPs and with 50 SNPs only, the
UncorrFST-50 had significantly lowermean SE [x¯= 0.043, 95%CI
(0.046, 0.039)] than the other selection methods (Supplementary
Table 5).
FIGURE 5 | Principal Component Analysis (PCA) with core bees (N =
95). PCA-scatter plots of first and second principal component performed with
(A) all SNPs (3.375 M), (B) thinned SNPs (10 K) and (C) the UncorrFST -50
SNP panel. The variation explained by each PC is indicated in parenthesis next
to the axis label. The general diversity pattern found by all SNPs is also
reflected with the thinned dataset. The UncorrFST -50 SNP panel captured well
the high divergence between introduced (mainly C-lineage ancestry) and
native honey bees (M-lineage) as represented by PC1.
SNP panels generated based on the PCA informativeness
consistently performed poorest when assessing their accuracy for
inferring genetic relationships between individuals, while SNP
panels generated based on FST performed best, as indicated by the
non-overlapping confidence intervals in Figure 6B. Considering
only 50-SNPs, the UncorrFST-50 significantly better reflects the
genetic relationships between individuals than the 50-SNP panels
based on the other selection methods.
In conclusion, with only 50 SNPs the UncorrFST-50 panel
clearly outperformed the other selection methods (SNP positions
in Supplementary Table 4). Admixture proportions computed
with the UncorrFST-50 panel were very highly correlated with
admixture proportions using the whole-genome (3.375 M SNPs)
dataset [Pearson’s r = 0.975, 95% CI (0.958, 0.985), p < 0.001]
while accounting for the lowest error [SE= 0.043, 95% CI (0.039,
0.046)]. Additionally, the genetic relationships inferred from the
UncorrFST-50 panel were also highly correlated with all 3.375 M
SNPs [Mantel R = 0.977, 95% CI (0.976, 0.980), p < 0.001]. The
PCA scatter plot (Figure 5C) visually clearly highlights the ability
of theUncorrFST-50 SNP panel to reveal the significant difference
and to separate introduced from native honey bees, as shown by
the first PC explaining 99.7% of the variance.
DISCUSSION
Network-based clustering was used for the first time in honey
bees enabling effective identification of fine-scale population
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FIGURE 6 | Performance comparisons of SNP panels in estimating (A)
admixture proportions and (B) genetic relationships. (A) Correlation
between admixture estimates at K = 2 calculated using all SNPs (3.375 M)
and each of the SNP panels (1000, 500, 100, and 50 SNPs) with the different
selection methods (FST , PCA, Random, UncorrFST , and UncorrPCA)
calculated as Pearson’s product-moment correlation coefficient r with the 95%
confidence intervals. P-values for all pairwise comparisons: p < 0.001, df =
54. Correlations were calculated from admixture estimates of the test bees
only (N = 56). Admixture estimates of all panels are highly correlated (>0.9)
with admixture proportions calculated with the entire dataset (3.375 M SNPs)
and there is no difference between the selection methods FST , PCA and
Random. Yet, with only 50 SNPs the UncorrFST -50 panel significantly better
predicts admixture than the other 50-SNP panels. (B) Concordance between
pairwise genetic distance matrices computed using all SNPs (3.375 M) and
each of the SNP panels (1000, 500, 100, and 50 SNPs) with the different
selection methods (FST , PCA, Random, UncorrFST , and UncorrPCA). Mantel
R with 95% CI was estimated on the distance matrices using all individuals (N
= 151) with 999 permutations. P-values for all pairwise comparisons p <
0.001. PCA-selected SNP panels performed worst in estimating genetic
relationships, while FST -selected panels were the most accurate, irrespective
of SNP number.
structure and distinct separation of introduced and native honey
bees corresponding to highly divergent lineages. Moreover,
substructures within A. m. mellifera were identified according
to origin (Switzerland or France). Finally, despite current
ongoing conservation efforts, admixed individuals were still
found in all conservation areas thereby calling for improved
management practices. Our results show that 50 highly
informative SNPs could be a cost-effective tool to enhance
conservation efforts as they are sufficient to accurately detect
C-lineage introgression in the sampled native honey bee
populations.
Population Structure
To analyze population structure, we employed a set of different
cluster approaches which all revealed a significant and clear
separation between the well-known evolutionary M- and C-
lineage (Ruttner, 1988; Garnery et al., 1992). But, as indicated
by the final topology of the network-based clustering tree
(Figure 2A), honey bees are further characterized by a high
level of hierarchical structure. By integrating the model-based
admixture results in the final network visualization, we can thus
see that the admixture proportions are related to the genetic
relationship between individuals. It is well known, but not
often discussed, that model-based approaches, such as those
implemented in ADMIXTURE, are highly dependent on the
reference sampling populations and rely on prior assumptions
(Pritchard et al., 2000; Greenbaum et al., 2016). For instance,
highly related individuals can form an artificial substructure
showing no or very little admixture, and as a consequence more
distantly related individuals show increased levels of admixture
(Pritchard et al., 2000). This emphasizes the importance to be
cautious when interpreting admixture levels and when possible
to choose diverse and unrelated individuals. In our case, due
to the sampling bias of many more Swiss than French A. m.
mellifera samples, admixture levels in the latter could thus
be slightly overestimated. Ideally, to overcome the sampling
bias, an optimized approach would be to combine network
clustering with model-based analyses and classical PCA, as these
complement each other and thus give a more robust and detailed
picture (Neuditschko et al., 2012; Greenbaum et al., 2016).
This is the advantage of our combined network visualization;
it illustrates both the genetic relationships between individuals
and admixture levels, which is crucial for the interpretation of
the observed population structures (Neuditschko et al., 2012).
Therefore, the network clustering is highly suitable to identify
community structures corresponding to the four subpopulations
in this dataset (A. m. carnica, Buckfast, A. m. mellifera from
Switzerland and France). Furthermore, admixed individuals can
be easily spotted.
The substructure between Swiss and French A. m. mellifera
is surprising, given the large mating distances of honey bee
drones from their colony of origin (Neumann et al., 1999c).
Here, we found already some population differentiation on a
short distance of∼40 km between the conservatory in the French
Alps and Swiss A. m. mellifera. The reasons for this finding
can be manifold including genetic drift, differential beekeeping
practices or even local adaptations. Isolation-by-distance could
be explained with the Alps acting as natural barriers against gene
flow between North (Switzerland) and South (France). However,
within Switzerland no such effect could be detected even though
massive mountain ranges separate native bees in different valleys.
As honey bee queens are bought and sold throughout the country
one could expect less or no substructures within Switzerland
due to human-mediated gene-flow. Alternatively, there might
be locally adapted ecotypes within A. m. mellifera. Given the
large native range of A. m. mellifera (from France over Central
Europe, the British Isles and Southern Scandinavia to the Ural
Mountains, Ruttner, 1988), it does not seem surprising that
there are substructures or ecotypes within this subspecies. For
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instance, ecotypes of A. m. mellifera with particular brood
cycles adapted to the local flora have already been described in
France (Louveaux et al., 1966; Strange et al., 2007, 2008). More
importantly, with regard to honey bee health, locally adapted
honey bee populations may have evolved their own specific
resistance mechanisms matching the prevailing pathosphere they
are located in (genotype-environment interactions) (Meixner
et al., 2015). In order to protect and promote native honey bees it
is therefore essential to identify substructures and locally adapted
ecotypes.
Genetic Diversity
All identified populations, including both native French and
Swiss honey bees exhibit high genetic variation, which is
comparable to other tested populations from C- and M-lineage
or mixed background, respectively (Wallberg et al., 2014; Wragg
et al., 2016). This genetic diversity is important to preserve as
it harbors the adaptive potential for future needs (Frankham
et al., 2002) and enhances productivity and fitness (Mattila and
Seeley, 2007). On the other hand, genetic admixture through
the importation and hybridization with distant subspecies can
disrupt the locally adapted genetic variation (De La Rúa et al.,
2009). The lowest genetic diversity was found in theA. m. carnica
population, which was introduced into Switzerland in the 1960’s,
becoming very popular for apiculture and as a consequence was
increasingly managed. The higher artificial selection pressure
on this subspecies could therefore explain the lower genetic
diversity. Similarly, populations of the C-lineage from other
published studies (e.g., Wallberg et al., 2014; Wragg et al., 2016)
exhibited lower genetic diversity and were sampled from selective
breeding populations. An alternative explanation, however, could
be a lower effective population size through a founder effect
when introducing A. m. carnica to Switzerland in the first place.
The highest genetic diversity was found in the hybrid Buckfast,
which is in line with previous work that showed that high
genetic diversity can be promoted through admixture by human
management in mixed domestic bee populations (Harpur et al.,
2012; Wallberg et al., 2014).
Admixture in the Conservation Areas
Despite the high genetic diversity found in native populations,
we also identified some highly admixed individuals in the
conservation areas, which is a concern and indicates that the
management practices may need some adjustment. A previous
analysis of 12 microsatellites in the Swiss A. m. mellifera
breeding population sampled in 2003 showed similar levels of
admixture (Soland-Reckeweg et al., 2009). More recently, in
2013, an analysis of 1381 SNPs in A. m. mellifera populations
sampled throughout Europe also found admixed individuals
in Switzerland (Pinto et al., 2014). While it is not possible to
directly compare these studies because of the different sampling
strategies and methodologies employed, all studies including the
present one show that despite ongoing conservation efforts in
Switzerland considerable C-lineage introgression in the A. m.
mellifera population remains. Therefore, protection of the native
population should be reinforced.
Yet, there are some differences in admixture levels between
the five sampled conservation areas, which could be attributed
to varying management practices. Alternatively, such differences
might be linked to the time since the establishment of
the conservatories. The Glarus conservatory (CGL) is the
oldest (established in 1977) and largest conservation area
in Switzerland, and shows the lowest level of C-lineage
introgression. On the other hand, the Val Mustair conservatory
(CVM), a remote region in southeastern Switzerland with a long
native bee keeping tradition, but officially established in 2006
only, suffers from increased admixture. After inquiring with the
management of this particular conservatory the increased level
of admixture is the result of an A. m. carnica-beekeeper, who
recently moved to the area. Thus, our data demonstrates that
the genetic consequences are immediately measurable. Moreover,
there is a need for an increased legal protection of conservation
areas, as evidenced by the drastic effects of this single migratory
beekeeper on conservation efforts. The French conservatory in
Savoie (CSA) also displays admixed individuals. In this breeding
program identification has beenmainly based onmorphometrics,
which can have less resolution than genetic markers (Francis
et al., 2014). In addition, France has a long history of foreign
queen importation with many large-scale commercial apiarists
keeping C-lineage bees (Franck et al., 1998; Garnery et al., 1998;
Wragg et al., 2016). This increases the chance of introgression in
the native gene pool.
Surprisingly, we found little admixture in native bees sampled
from outside conservation areas. Our sampling scheme did not
include randomly sampled bees from all of Switzerland, but
depended on the willingness of beekeepers to participate. Thus,
we would expect that there might be different levels of admixture
under a totally random and unbiased sampling scheme. Yet, our
results indicate that the keeping of pure native bees even outside
a protected area is possible. To do so, motivated beekeepers
involved in the maintenance and conservation of A. m. mellifera
bring their virgins queens to controlled mating stations or buy
queens from certified breeders. Our results suggest that this
approach seems successful in Switzerland.
In contrast, maintaining freely-mating populations with
minimal risk of introgression will require considerable
monitoring efforts given the relatively small size of Swiss
conservation areas. Consequently, in the longer term there is
a need for the implementation of an enhanced international
conservation strategy to preserve the native subspecies A. m.
mellifera in apiculture. To this end, it is important to consistently
and repeatedly test all colonies in the conservation areas for
C-lineage introgression because of the natural movement of
honey bees. Traditionally, morphometric analyses and more
recently, microsatellite markers have been employed to detect
and replace hybrid colonies (Soland-Reckeweg et al., 2009). An
even more accurate tool would be a set of diagnostic SNPs to
control mating stations and conservation areas as shown in this
study (Hauser et al., 2011; Francis et al., 2014).
Informative SNP Panels
The high differentiation between introduced bees (A. m. carnica
and Buckfast) belonging mainly to the evolutionary C-lineage
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and the native A. m. mellifera from the M-lineage, allowed
to straightforwardly identify ancestry informative or even fixed
SNPs. This high differentiation between the M- and C-lineages
is also the reason why even randomly selected SNPs performed
relatively well compared to other selection methods. Yet, the
results clearly show that as few as 50 most informative SNPs
are sufficient to distinguish native from introduced honey
bees. The UncorrFST-50 panel outperformed the other 50-SNP
panels in both the ability to predict admixture as well as
genetic relationships, thereby suggesting their potential for a
successful application in sustainable bee breeding programs.
Such low density SNP panels have been developed successfully
for breeding and breed assignment for a number of different
livestock species (Boichard et al., 2012; Wellmann et al., 2013;
Henshall et al., 2014). For honey bees, Muñoz et al. (2015)
have previously generated sets of ancestry informative markers
(AIMs) based on different selection methods to infer admixture
between A. m. mellifera and C-lineage (A. m. carnica and A.
m. ligustica). However, due to the hybrid origin of Buckfast
bees, it might pose more difficulties to detect admixture
with Buckfast than with pure C-lineage bees. Moreover, the
full dataset of Muñoz et al. (2015) consisted of 1183 pre-
selected SNPs from a previous study, while here we selected
the most informative SNPs from whole-genome sequence
information.
The application of only 50 SNPs might seem quite low for
geneticists working with other livestock animals. However, given
the fact that the beekeeping industry in Switzerland, and in
most parts of Europe is based on leisure apiculturists (Chauzat
et al., 2013), there is a general need for an economic approach
to foster participation in conservation efforts. However, there
is a trade-off between resolution and economics which poses
a minor risk of failing to detect very low levels of admixture.
A brief inquiry on current genotyping costs (August 2016)
revealed the price per SNP as little as 0.50 €, which is expected
to decrease even further thereby enabling the cost-effective
testing of thousands of bees for a continental conservation
strategy across Europe. Due to the low number of SNPs required
for admixture analyses, it would also be possible to enhance
stakeholder acceptance by including additional SNPs linked to
traits of commercial interest, as is already implemented in custom
SNP panels for other livestock species (Schwenger et al., 1993;
Pannier et al., 2010). For honey bees, one such example could
be to incorporate SNPs linked to resistance against Varroa
destructor (Haddad et al., 2016; Spötter et al., 2016), given that
this ectoparasitic mite is a significant contributor to global honey
bee colony losses (Guzmán-Novoa et al., 2010; Dainat et al.,
2012).
CONCLUSION
In this study, we demonstrated that the combination of model-
based and network-based clustering allows us to identify high-
resolution population structures between subspecies, which
can be especially useful to identify locally adapted honey
bee populations for conservation purposes and management
decisions optimizing genetic diversity. For honey bees high
genetic diversity, as we found in all identified populations, is
particularly important for colony health (Tarpy, 2003) and entails
the potential to adapt to new environmental conditions such as
climate change or novel diseases.
As observed by this and other studies, hybrid colonies can
be found throughout the native range of A. m. mellifera (Jensen
et al., 2005a; Soland-Reckeweg et al., 2009; Pinto et al., 2014).
It is clear that in such a diverse situation it is not possible
to entirely prevent the natural movement of these hybrids and
of foreign honey bees into conservatories. As a result, despite
current ongoing conservation efforts, admixed individuals were
still found in all conservation areas albeit with varying degrees
of introgression thereby calling for improved management
practices.
The use of ancestry informative SNPs for subspecies
discrimination and estimation of admixture can thereby prove
to be a very useful tool for enhancing conservation management
efforts. We demonstrated that the selected ultra-low density
SNP panel is accurate to estimate admixture and genetic
relationships between the sampled honey bees. We therefore
hope to contribute to the conservation efforts in order to ensure
the valuable pollination services provided by our honey bees in
the future.
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